In 2011 the global mean concentration of atmospheric CO 2 was 391 ppm [1] , and the average rate of increase in the concentration of atmospheric CO 2 over the period spanning from 1960 to 2005 of 1.4 ppm yr -1 is therefore considered to be the main driver of climate change [2] . The global mean concentrations of CH 4 and N 2 O in 2011 were 1,803 ppb and 324 ppb, respectively [1] . The significant ability of CH 4 and N 2 O molecules to absorb Pol. J. Environ. Stud. Vol. 25, No. 5 (2016), 2047-2056 
infrared radiation makes them more efficient greenhouse gases than CO 2 , thus resulting in a substantial contribution to the heating effect of the atmosphere in particular, and to climate change in general. In the Fifth Assessment Report of the IPCC, Myhre et al. [3] reconsidered the global warming potentials (GWPs) as an instrumental metric for transferring emissions of different gases to a common scale. The recently suggested GWPs of CH 4 rose significantly from 72 to 86 and from 25 to 34 for the 20-year and 100-year time horizons, respectively, which makes CH 4 a more important greenhouse gas. The radiative forcing of a molecule of N 2 O is even greater, and the GWPs for N 2 O are 268 and 298, respectively, for the 20-year and 100-year time horizons.
With respect to concerns about climate change, numerous studies have suggested possible ways and strategies to mitigate emissions of greenhouse gases, particularly those originating from anthropogenic sources. On the other hand, some natural sources of these gases were neglected owing to the fact that we have only limited information about their role in the production of greenhouse gases [4] . Extensive efforts have been directed toward the identification and quantification of the sources of greenhouse gas emissions into the atmosphere from a variety of aquatic environments. Wetlands are believed to be a major natural source of CO 2 and CH 4 [5] [6] [7] , however both CO 2 and CH 4 are also supersaturated in many surface waters, with streams and rivers frequently exhibiting partial pressures of gases many times in excess of the atmospheric equilibrium [8] [9] . The production of N 2 O is linked mainly with excesses of nitrogen in agricultural soils and its runoff in drainage water [10] . However, streams similarly show significant supersaturation of N 2 O with respect to the atmosphere [11] . Unquantified potential sources of greenhouse gases are of obvious climatic concern, and while streams and rivers are not usually implicated directly, there is a growing body of evidence to suggest that alongside CO 2 and N 2 O, rivers and streams can also emit significant quantities of CH 4 [12] [13] . Saarnio et al. [14] estimated CH 4 release from wetlands and watercourses in Europe, but data for rivers and streams still have a high error rate. If we consider that rivers and streams are likely to cover 0.30-0.56% of the land surface (with a significant partition of third-order streams) and make contributions to global processes and greenhouse gas emissions that may be 20-200% greater than those implied by previous estimates [15] , explorations of greenhouse gases productions and emissions in river ecosystems are required.
Long-term study on Sitka documented the production of greenhouse gases in hyporheic sediments [16] . Hlaváčová et al. [17] reported that respiration of oxygen, nitrate, sulphate, and methanogenesis may simultaneously coexist within the hyporheic zone, and that an anaerobic metabolism and methanogenesis appear to be an important pathway in organic carbon cycling in the Sitka stream sediments. Additionally, Cupalová and Rulík [18] found that members of the domain Archaea may commonly occur within well-oxygenated hyporheic sediments.
Buriánková et al. [19] found relatively well-developed populations of methanogenic Archaea, and significant methanogenic potential in hyporheic Sitka sediments. The methanogenesis and other degradation processes result in the production of CO 2 , CH 4 , and N 2 O, which then supersaturate the interstitial water and eventually emit them into the atmosphere [20] . Based on previous studies, we suppose that stream sediments are a source of gases that are important in global warming. In particular, CH 4 production in hyporheic sediments seems to be novel as published global CH 4 emission estimates from streams are also sparse [21] . Moreover, recent discoveries of metabolic pathways in both the nitrogen and carbon cycle across a spectrum of aquatic ecosystems highlights the need for new directions and a multidisciplinary approach to quantify the flux of carbon and nitrogen through rivers [22] .
Past studies have focused mainly on the downstream section of Sitka, but we were also curious to know if other parts along the stream's profile will also produce greenhouse gases. In contrast to previous studies concerned with greenhouse gas emissions, we extended our exploration to five study sites along a longitudinal profile of Sitka. The main objectives of our study were to measure the concentrations of CH 4 , CO 2 , and N 2 O both in surface and interstitial waters, and their emissions at different localities along a stream continuum, and to estimate the total annual emissions of greenhouse gases from surface water to the atmosphere. Our study presents at once total annual emissions of all three biogenic greenhouse gases from a small water stream, and their relative contribution to total annual emissions expressed in standard metric units (CO 2 equivalent emission). This study is worthwhile mainly because there is a paucity of studies estimating greenhouse gas emissions from the whole river ecosystem during a year.
Material and Methods

Study Site
The sampling sites were located on Sitka Stream in the Czech Republic (Fig. 1) . Sitka is an undisturbed, thirdorder, 35-km stream originating in the Hrubý Jeseník Mountains at 650 m above sea level. With the exception of short sections, the Sitka is unregulated with wellestablished riparian vegetation. A detailed description of the stream can be found in Hlaváčová et al. [17] . In order to assess the emissions released from a total stream area, the stream was divided into five stretches according to changing conditions along the river's course (Table 1) . For each stretch we chose one representative sampling site (localities I-V) where samples of both surface water and air were taken repeatedly. The numbering of each locality corresponds to the numbering of each stretch. The stream flows in its upper section until it reaches the town of Šternberk through a forested area with low intensity of anthropogenic effects (localities I-II), while the lower course of the stream is naturally meandering through a more intensively managed agricultural landscape (localities III-V). The areas of the sections of stream were calculated from known lengths and mean channel widths (measured by a metal measuring type at different sites). The longitudinal distances of the sections were worked out using ArcGIS software with digitized maps of the stream and GPS coordinates that were obtained during field measurements. The total area of Sitka Stream was estimated at 0.18 km 2 .
Water Sampling
Surface water samples were collected from running water at a depth of about 10 cm below the surface level at all localities four times from autumn 2005 to autumn 2006 (25 October, 28 February, 25 May, and 18 July). Surface water samples were taken by submersing glass vials under the water level. Glass vials were washed by surface water and sealed under the water level. Three replicates of surface water were collected on each sampling date. All water samples were taken between 09:00 and 14:00. Interstitial water samples were collected using a set of two mini-piezometers randomly placed at a depth of 30 cm in sediments at each study site twice in 2006 (25 May and 18 July). The initial 100 ml of water from each mini-piezometer was used as a rinse and was discarded. Three replicates of interstitial water from each minipiezometer were collected from a continuous column of water using a 100 ml polypropylene syringe connected to a hard PVC tube, and drawn from a mini-piezometer and overflowed and sealed into vials. All water samples were collected into sterile, clear vials (40 ml) with screw-tops, covered by a polypropylene cap with PTFE silicone septa, and stored in ice on the way to the laboratory. On each sampling date, temperatures of interstitial and surface waters were measured for calculating saturation ratios. Saturation ratio R was calculated as the measured concentration of gas divided by the concentration in equilibrium with the atmosphere at the temperature of the sampled water using the solubility data of Wiesenburg and Guinasso [23] , Weiss and Price [24] , and Weiss [25] .
Measurement of Emissions
Gas fluxes across the air-water interface were determined by the floating chamber method [26] [27] four times from autumn 2005 to summer 2006 (25 October, 28 February, 25 May, and 18 July). On each sampling date, 4-5 replicated measurements were performed at all the localities between 09:00 and 14:00. The openbottom floating polyethylene chambers (internal diameter 20 cm, total volume 5.5 L) were held in place on the water surface by a floating body (polystyrene) attached to the outside. The chambers were attached to a metal pole anchored to the stream bed in order to hold the chambers in flowing conditions. The chambers were allowed to float on the water surface for three hours. Preincubations were performed to assess linearity of gas concentrations in headspace of the chambers and establish the incubation time required for reliable flux measurements. Due to trees on the banks, the chambers at all the study sites were continuously in the shade. On each sampling occasion, ambient air samples were collected for determining initial background concentrations. Samples of headspace gas were collected through a rubber stopper inserted at the top of each chamber, and stored in 100 ml polyethylene gastight syringes until analysis. Emissions were calculated as the differences between initial background and comparing air concentration in the chamber headspace, and expressed in one square metre of the surface level per one day according to the formula:
…where F is a gas flux in mg m
, c I is a concentration of a particular gas in the chamber headspace in µg l -1 , c R is a concentration of a particular gas in the background air, V is volume of the chamber in L, t is time of incubation in hr, and p is an area of the chamber expressed in m 2 .
Analysis of Gases, Calculations, and Statistics
Concentrations of dissolved gases in the water and air samples were measured using gas chromatography as described in Hlaváčová et al. [20] . Estimations of total annual emissions into the atmosphere from the five segments of the stream were calculated according to the following formula that we developed: (2) …where E a is average estimation of emission of a particular gas from the total stream area in t yr -1 for CO 2 and kg yr -1 for CH 4 and N 2 O, p i is an area of stretch in m 2 representing the given locality, F i is the average emission of a particular gas from the given locality (expressed in g m -2 day -1 for CO 2 and in mg m -2 day -1 for CH 4 and N 2 O). Data analysis was performed using statistical software R (version 2.6.0). Data for regression analyses embodies non-parametric distributions, and normality was not achieved by data transformation. Shapiro-Wilk normality test was used (P<0.05). Therefore, robust regressions were used and linear models were tested by robust F-test for the relationships between gas concentrations and gas emissions, and for the relationships between surface and interstitial water concentrations.
Results
Patterns of Gas Concentrations
Highly supersaturated concentrations of all observed gases were found in both surface and interstitial water at all the localities (Table 2) , and the saturation ratio R usually reflects those concentrations ( 4 concentration was found at localities IV and V compared to upstream localities (I-III). Similarly a remarkable increase in the surface N 2 O concentration was found at localities III-V compared to the upstream ones (I-II).
Generally, greenhouse gas concentrations measured in interstitial water were higher as compared to those from surface water, and ranged between 0.19-11,968.9 µg l Saturation ratios of CO 2 were found at levels slightly in excess of the atmospheric equilibrium leading to the supersaturation. CO 2 saturation ratios of surface and interstitial water showed only slight variation compared to the CH 4 saturation ratios.
Patterns of Emissions
The highest emissions were observed for CO 2 (0-17.33 g m -2 day ). Emissions of CO 2 were usually three orders of magnitude greater than CH 4 and N 2 O. We found substantial spatial variations of greenhouse gas emissions along the longitudinal stream profile, when a significant enhancement of emissions for all three greenhouse gases were observed in downstream localities (IV-V) compared to upstream ones (I-III) (Table 4) . Moreover, significant positive correlation was found between surface water concentrations and measured emissions of all the gases with coefficient of determination R 2 = 0.57 (y = -3.83 + 1.62 x, F = 664.5, P < 0.001), R 2 = 0.77 (y = -6.06 + 3.66 x, F = 81.3, P < 0.001), and R 2 = 0.61 (y = -3.36 + 1.89 x, F = 24.7, P < 0.001) for CH 4 , CO 2 , and N 2 O, respectively (Fig. 2) . Multiple linear regression with gas concentrations and flow velocity as predictor variables and gas emissions as a response variable was not significant for all monitored gases.
The seasonal contribution by CH 4 emissions to the total annual emissions was the highest during the spring and summer periods (81.9 %), while a relatively high proportion of CO 2 (65.7 %) was emitted during summer and autumn months. The contribution of N 2 O emissions was the highest during summer (32.3 %) and winter (31.9 %) (Fig. 3) .
On the basis of annual mean emissions of particular gasses and areas of the defined segments, approximately 211 tons of greenhouse gases were emitted annually to the atmosphere from Sitka water surface with a dominant proportion being CO 2 (Table 5 ). If total annual emissions of each gas are converted to standard metric units (CO 2 equivalent emissions) using GWP described in IPCC methodology [3] , then CO 2 accounts for most of total annual emissions of greenhouse gases from the stream, with the second being N 2 O, and the last CH 4 -for both 20-and 100-year time horizons.
Discussion
Gas Concentrations in Surface and Interstitial Waters
We found both surface and interstitial waters to be supersaturated with CH 4 , CO 2 , and N 2 O compared to the atmosphere at all five localities, except for the N 2 O concentration in the surface water at locality II. Supersaturated concentrations of CO 2 and N 2 O in interstitial and surface waters are commonly reported [11, [28] [29] [30] [31] [32] [33] [34] [35] because CO 2 is produced mainly by decomposition of organic matter, carbonate equilibrium reaction, and respiration; and N 2 O by nitrification, denitrification, and coupled nitrification-denitrification as a byproduct. Dissolved CH 4 concentrations in the surface water of the stream are in agreement with earlier studies that focused on the measurement of CH 4 concentrations in rivers [36] [37] . Some authors have suggested that increased concentrations of CH 4 in rivers result from lateral diffusion of stream banks and drainage of forest and agricultural soils, or from outflow of urbanized areas and sewage treatments [9, 36, 38] . Striegl et al. [8] mentioned that river CH 4 could be derived from multiple sources, including groundwater, surface water runoff, and benthic and water column microbial processing of organic carbon. The exact role of each of these processes is not yet quantified in the overall river carbon budget. Other authors [30, 39] have found, as we did, a significant increase of CH 4 in the interstitial water.
In spite of a commonly perceived view of streams as well-oxygenated habitats, we assume internal CH 4 production in hyporheic sediments as some other authors have suggested [12, 19, [39] [40] . Moreover, we can exclude the possibility that CH 4 in Sitka sediments is leaked from natural gas extraction or from a geothermal and volcanic source due to the absence of these processes in the watershed of the stream. This supposition of biogenic origin of CH 4 is supported by carbon isotope analysis of CH 4 in bubbled gas from hyporheic sediments of the stream [41] . We also excluded significant contributions to drainage by wetlands and peatlands (due to absence of wetland ecosystems in the watershed of the stream), as has been reported in some cases [42] [43] . Internal CH 4 production could easily be explained by anaerobic conditions occurring in hyporheic biofilm in micro-scale dimensions. Physical and chemical gradients in hyporheic sediments enable a broad spectrum of metabolic pathways to occur within small spatial scales and imply important biological consequences. The seemingly well-oxygenated hyporheic zone contains anoxic and hypoxic pockets associated with irregularities in sediment surfaces, small pore spaces, or local deposits of organic matter, thus creating a 'mosaic' structure of various environments where different microbial populations can live and different microbial processes can occur simultaneously [44] . As the interstitial water in comparison to surface waters were markedly more supersaturated by all monitored gases, we suggest that they are produced in hyporheic sediments of the stream.
Levels of the gas concentrations in the surface water do not depend only on gas production in hyporheic sediments, but they are affected by many other effects like photosynthesis, methanotrophy, respiration, or downstream transport of gases. Moreover, a part of the gases can result from drainage of soils in the watershed [43] . Since aquatic macrophytes and macroscopic algal communities were not observed in the streambed of the studied localities, we do not expect marked daily variation of CO 2 concentration in surface water due to photosynthesis (although small fluctuations could be caused by daily temperature fluctuations and microbial biofilms containing primary producers on the streambed).
Downstream localities (III-V) had higher interstitial and surface water concentrations and emissions of all the gases in comparison to upstream localities (I-II). For example, the majority of the total annual CH 4 emissions (90%) was released from the two most downstream stretches (IV-V) of the stream, representing only 1/5 of the total stream area. An ideal water stream embodies a continuum of changing physical conditions downstream with decreasing flow velocity and increasing mass of finer particles and organic matter in hyporheic sediments [45] . Therefore, production of biogenic gases increases downstream together with an amount of organic-rich sediments that enable microbial processes. High concentrations of the gases found in interstitial water of site IV (Table 2) were caused probably by very fine sediment and substantial amounts of organic matter in this locality. Such a place may be considered a "hot spot" of gas production and subsequent release to surface water. Dissolved gases are repeatedly degassed from river reaches containing riffles and replenished in slower moving reaches within pools. High CH 4 concentration in the upstream part, with subsequent decline further downstream, has been reported from the United States. [36] . Therefore, greenhouse gas concentrations and emissions are more likely related to local conditions than to an accumulation of transported gases from upstream parts of a stream. The most important factor associated with river N 2 O production is nitrate concentration [30, 46] . In the case of N 2 O we suggest that high surface and interstitial concentrations on the downstream localities (III-V), and consequently also emissions, are due to input of nitrate from sewage water outflows from the town of Šternberk (located between localities II and III), and due to drainage of agricultural land on downstream parts of the watershed. Generally, N 2 O concentrations are related to the amount of flooding and leaching of N from a catchment, especially if the catchment contains agricultural areas.
Gas Emissions to the Atmosphere
The range of measured greenhouse gas emissions presented in this study was in accordance with most other studies from rivers. Average values of CH 4 emissions on Sitka Stream are similar to values reported for small streams in Arizona [39] and for rivers in Oregon [36] . The annual mean CO 2 emissions to the atmosphere from Sitka were also similar to those found on temperate rivers of the United States [47] . Wilcock and Sorrell [13] found, as we did, that rivers could emit significant amounts of N 2 O.
Generally, gas emissions comprise a flux mediated by submerged plants, an ebullition from sediments, and a diffusive flux from the water surface [48] . Since we did not record any primary producers in the streambed, contributions by plant-mediated flux to overall emissions is most probably not a case or is negligible in Sitka. However, we observed gas bubbles released from the sediment, specifically at locality IV. Although an ebullition is rarely captured by the floating chamber technique [49] , the preference to use this method was accurate. The methods based on calculation models account for only diffusive flux, and we observed ebullition at locality IV. The rate of gas diffusion into the atmosphere depends on several factors: partial pressure of a particular gas in the atmosphere and its concentration in water, water temperature, and further on molecular diffusion coefficient of a particular gas, water depth, and flow velocity [38, 50] . Accordingly, a temperature increase that reduces gas solubility could lead to higher emission rates during the summer. Furthermore, streams with higher flow velocity have higher gas exchange coefficients compared to wetlands or large rivers. Nevertheless, multiple linear regression with gas concentrations and flow velocity as predictor variables and gas emissions as a response variable was not significant for all monitored gases, but simple linear regression between gas concentrations and emissions was significant for all monitored gases (Fig. 2) , as was found on three rivers in China [9] . This contradiction could be caused by highly turbulent flows influencing gas exchange on the air-water interface, which make flow velocity less predictive of gas emissions from the stream.
The CH 4 emissions from rivers usually reach the highest maximum at the end of summer [51] [52] . The positive effect of temperature on CH 4 production was also observed for river sediments in laboratory conditions [53] . Besides the direct effect of temperature, the positive correlation of CH 4 emissions with temperature could be related to the prolonged growth season of macrophytes, which provides the organic substrates by primary production [54] . The CH 4 production rate of sediment grows with increasing temperature up to 40°C, while it is inhibited by temperatures below 12°C [55] . The same acceleration of CH 4 production inferred from positive correlation of dissolved CH 4 with temperature was recorded by Yang et al. [9] . Therefore, the increase of dissolved CH 4 concentrations in surface and interstitial water corresponds with the hypothesis that river sediment is probably an important CH 4 source for surface water in warmer months. Indeed, it has been shown that summer months are characterized by increased CH 4 surface concentrations in many European rivers [56] , and a significant positive linear correlation between dissolved CH 4 concentrations and CH 4 emissions was observed by Yang et al. [9] . If we consider the seasonal distribution of gas emissions, it is clear, in concordance with the abovementioned relations, that the majority of CH 4 and CO 2 emissions were released during warmer periods of the year. The highest N 2 O emissions from Sitka were recorded during summer and winter months, and an equivocal seasonal pattern was obtained. But the 31.9% contribution of N 2 O emissions during winter to the total annual budget of the stream is not surprising. Nitrate concentrations (the main predictor of N 2 O emissions) usually increase during winter and decline during growing seasons because the export of nitrate from the watershed is controlled by plant uptake of inorganic N, which is lower during the nongrowing season [57] .
Based on our results, we suggest that CH 4 and N 2 O emissions contribute considerably to total greenhouse gas emissions from the stream. We found that CH 4 emissions represent 0.8% of the mass of carbon released to the atmosphere from Sitka. Although the total CH 4 mass emitting from the stream is three orders of magnitude less than total CO 2 mass, CH 4 emissions play a considerable role in the climate impact of the stream due to its GWP. The total annual CH 4 emissions contribute 7.2% to the total annual emission of all gases (converted to CO 2 4 and N 2 O emissions should not be omitted in greenhouse gas budgets of rivers and streams, especially in a short time scale. Moreover, Campeau and Del Giorgio [58] estimated that greenhouse gas emissions (CO 2 equivalent) from boreal rivers and streams may increase markedly, driven mostly by a steep increase in the contribution of CH 4 under plausible scenarios of climate change over the next 50 years. Nevertheless, our results should be interpreted carefully with the up-scaling of emissions data for the whole riverine systems -especially because our dataset is spatially and temporally restricted. Moreover, we did not include greenhouse gas emissions from parafluvial zones, and the riverine (landscape) level fluxes can be rather different from those gathered from limited local points.
Conclusions
CH 4 , CO 2 , and N 2 O are produced in hyporheic sediments of Sitka Stream. The longitudinal pattern of greenhouse gas concentrations and emissions along streams is heterogeneous and reflects a spatial distribution of physicochemical characteristics. Although concentrations and emission rates of the greenhouse gases did not show increasing trends along the stream, sampling sites located downstream indicated higher values of concentrations and emission rates than upstream localities, and such longitudinally located sampling sites are necessary for an emission estimate. Therefore, we suggest that our approach of the direct measurement on a set of sampling sites along a water stream during a season is proper for an estimation of total annual emissions of greenhouse gases from river ecosystems.
The total annual emissions of CO 2 to the atmosphere was the highest for all the monitored greenhouse gases, and the total annual emissions of CH 4 , CO 2 , and N 2 O were estimated to be 637 kg, 210 t, and 229 kg, respectively. However, counting the global warming potential, the total annual contributions of CH 4 and N 2 O to total annual greenhouse gas emissions from Sitka amount to nearly 30% for the 100-year horizon. Therefore, CH 4 and N 2 O should not be omitted in an evaluation of greenhouse gas emissions from running waters. Our results utilize directly measured gas concentration and emission data to contribute to recent assessments [59] [60] [61] [62] of the importance of inland waters in regional and global carbon cycles, and quantify the importance of CH 4 , CO 2 , and N 2 O emissions in the carbon and nitrogen balance of a small temperate water stream system.
